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Numerous studies highlighted sharp declines in abundance of red oak species
(Quercus spp., Section Erythrobalanus) in the southeastern United States. Red oaks are
major components of bottomland forests, provide important ecological services, and are a
critical source of hard mast for wildlife and high-value timber (Oliver et al. 2005).
Bottomland hardwoods are usually managed with natural regeneration, and maintaining a
component of red oak can challenge forest managers, given sporadic acorn production
(masting behavior), and lack of advance regeneration establishment prior to disturbance.
This study investigated the development of hardwood advance regeneration in relation to
understory light availability and stand structure in mature closed canopy stands following
silvicultural treatments. Improved understanding of red oak natural regeneration can
better clarify any relationship between seedling abundance, available understory light,
and residual basal area. Results will aid in selection of appropriate management
techniques to sustain dominance of red oaks within bottomland hardwood forests.
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CHAPTER I
INTRODUCTION

Red oaks are important components of bottomland hardwood forests (Oliver et al.
2005). Oak-dominated forests provide important ecosystem services, including the
provision of hard mast for wildlife and high-value timber. Indeed, the southeastern region
contains the greatest diversity of oak species in the United States (Aizen and Patterson
1990; Dey et al. 2009). Numerous studies suggest a troubling decline in the abundance of
red oak species (Quercus spp., section Erythrobalanus) in this region (Johnson 1979;
Oliver et al. 2005). Some of the largest tracts of bottomland hardwood forests occur in
the Lower Mississippi Alluvial Valley and minor stream bottoms of the Southeast, and
past reduction of forests resulted in a significant loss of bottomland hardwood forest
habitat (Schoenholtz et al. 2005). Much of this reduction was due to agricultural use
(Sternitzke 1976; MacDonald et al. 1979; Turner et al. 1981). Furthermore, many of the
remaining bottomlands have a history of high-grading or poor management that degraded
their condition (Bowling and Kellison 1983). As a consequence, maintaining or restoring
the oak overstory component continues to be of primary interest in the management,
conservation, and restoration of bottomland hardwood forests.
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Ecological Context
Bottomland hardwood forests are often characterized by periodic flooding, soil
saturation of the root zone, and the forest communities that develop are well-adapted to
these high moisture conditions (Huffman and Forsythe 1981). Bottomlands are also noted
for having relatively large sediment depositions, and easily eroded soils (Hodges 1997).
Bottomland forest types are usually located within either a major or minor stream bottom.
Minor stream bottoms are created by the meandering of small streams and recognized for
the local origin of their alluvial deposit materials (Hodges 1997). In contrast, major
stream bottoms are generally associated with larger river systems whose alluvial
materials originate from further distances (Hodges 1997). Within both major and minor
stream bottoms, small elevation changes can make a large difference in the species
composition (Streng et al. 1989) since they affect both the soil types deposited and the
degree and duration of flooding. Landform features may include bars, fronts, levees, flats,
sloughs, ridges, swamps, or terraces (Hodges 1997).
Common red oak species in southeastern bottomland forests include: southern red
oak (Quercus falcata), water oak (Q. nigra), cherrybark oak (Q. pagoda), pin oak (Q.
palustris), willow oak (Q. phellos), and Nuttall oak (Q. texana). Various oak species are
associated with different topographic positions within bottoms. In minor bottoms, oaks
can be found on levees, flats, or terraces; while in major bottoms, red oaks can be found
on flats (e.g. Nuttall, water, willow), or ridges (e.g. water, willow) (Hodges 1997). Site
productivity trends indicate a decrease with front > ridge > flat > slough (Hodges 1997).
Bottomland hardwood forests are characterized by variability in hydrological
regime. Major bottoms may endure prolonged flooding during winter months, while
2

minor bottom areas tend to experience flooding as a response to heavy local rain events.
Although some flooding may increase soil water availability and thus enhance root water
uptake (Broadfoot and Williston 1973), there are also many risks associated with
flooding events. Prolonged soil saturation can limit oxygen supply to root systems for
respiration (Broadfoot and Williston 1973) and can also stunt seedling growth through
reduction of leaf area and photosynthetic rates (Angelov et al. 1996). Effects are speciesspecific; cherrybark oak can experience a significant decline in net photosynthesis due to
flooding (up to an 87% reduction) compared to Nuttall oak (68% reduction) or
baldcypress (21% reduction) which are less impacted (Pezeshki and Anderson 1997).
Additionally, smaller seedlings are prone to being overtopped by flood waters, restricting
access to light and reduction in photosynthesis. If leaf-out has already occurred, flooding
may lead to stem dieback to ground level (with potential resprouting) or seedling
mortality (Broadfoot and Williston 1973).
Population Ecology
Seedling population dynamics are poorly understood in bottomland hardwood
sites of the Southeast. A number of long-term studies on oak regeneration have been
conducted in upland oak hardwood forest types (Tryon and Powell 1984; Kittredge and
Ashton 1990; Crow 1992; Ashton and Larson 1996; Boerner and Brinkman 1996; Frey et
al. 2007; Joshi et al. 2009); however, upland forest characteristics such as soil types,
flooding events, and light availability tend to differ from those of bottomland hardwood
forests.
The establishment of advance regeneration, seedlings that develop under the full
or partial shade of a forest canopy, is thought to be the primary mode of regeneration for
3

most red oak species across their eastern North American range. The presence of advance
regeneration is thus widely recognized as an important determinant of oak’s future
dominance in the forest canopy. The ability of red oak seedlings to establish, grow, and
persist over time is heavily reliant on both successful acorn production and a favorable
environment for germination and growth. Establishment may be limited at any
developmental stage, whether during acorn germination, seedling establishment, or
growth of advance regeneration (Fuchs et al. 2000). Seedling establishment is thought to
be limited less by germination and more by the ability of seedlings to grow and persist in
the low-light conditions of the understory (Loftis 1983). Although some studies note that
sprouting is an important source of natural regeneration, mesophytic and hydrophytic
oaks tend to be more dependent on seeding for regeneration and less reliant on sprouting
(Larsen and Johnson 1998).
Masting is the recurring production of seeds by a plant population over time
(Janzen 1976) and is a valuable source for oak regeneration. Oaks are periodic seed
producers with acorn production and viability varying widely from year to year (Healy et
al. 1999). There is a strong positive relationship between the size of a mast crop and the
percentage of sound acorns, and thus good mast years tend to produce a greater
abundance of sound acorns (Healy et al. 1999). Some evidence from other regions
suggests that this results in much higher seedling establishment in mast years, and that
long-term seedling survival from mast years is often greater than non-mast years (Joshi
and Tewari 2009; Negi et al. 1996). Temporal patterns of seedling recruitment can vary
by species and may be greatly affected by masting (Boerner and Brinkman 1996).
Sporadic masting patterns likely contribute to observations that significant seedling
4

establishment events are infrequent in red oaks in the northeastern United States (Frey et
al. 2007). In mesic regions of the southeastern United States and southern Appalachians,
seedling recruitment is thought to be sufficiently frequent, but seedlings rarely grow large
enough to be competitive upon release (Johnson et al. 2002; Loftis 1983; McGee 1967)
and mortality rates are high (Loftis 1993). Based on population studies in the northeastern
United States, oak seedling survival ranges from a few months (Boerner and Brinkman
1996) to decades for some persistent cohorts and individuals (Tryon and Powell 1984;
Frey et al. 2007). Given the apparent sporadic nature of both red oak acorn production
and seedling recruitment, disturbance and successful development of red oak cohorts
must coincide if oaks are to persist in the forest overstory (Larsen and Johnson 1998).
Across different regions in eastern North America, the probability that red oak
advance regeneration will form a dominant component of the future stand following
disturbance (e.g. regeneration harvest) has been positively related to both seedling size
(Sander 1971; Sander 1972; Loftis 1990) and seedling abundance (Fei et al. 2006). In the
central hardwoods and southern Appalachians, studies have suggested that larger advance
regeneration have an exponentially higher probability of persistence and success upon
release, while smaller classes have extremely low probabilities of success upon release
(Sander 1971; Sander 1972; Loftis 1990). In the northern Appalachians, aggregate height
(the combined heights of all seedlings in a plot) is the best predictor of success,
suggesting equivalent stocking potential regardless of seedling size class distribution (Fei
et al. 2006; Steiner et al. 2008). Studies in bottomland forests of the southeastern United
States reflect both the northern and southern Appalachian models, with predictive
stocking guidelines for oak providing higher probabilities of success for large seedlings
5

than small seedlings, reflecting in part the risk that small seedlings will be unable to
survive flooding or competition (Johnson 1980; Belli et al. 1999). However, studies have
also shown that small seedlings can be an important contribution to regeneration in
bottomland forests if sufficiently abundant (Belli et al. 1999) and given access to good
microsite conditions and appropriate amounts of understory light. Indeed, small seedlings
are likely to contribute substantially to regeneration in situations where disturbance
coincides with or shortly after a mast year.
Factors Affecting Regeneration
Seedling establishment and growth can be dependent on species-specific
preferences regarding environmental characteristics and conditions. Factors that affect the
regeneration potential of oak seedlings within bottomland hardwood sites include
elevation, flooding, understory light, masting patterns, animal predation and herbivory.
Microsite conditions affect seedling establishment. Small elevation differences of
mound and pit microsites influence survival rates, with mounds usually providing a
higher survival rate than pits (Battaglia et al. 2000). Elevation can also affect the success
of oak regeneration due to its close relation with flooding patterns. A few centimeters
change in elevation can shift tree species composition (Hodges and Switzer 1979; Streng
et al. 1989) since different oak species have varying levels of tolerance to soil water
saturation and flooding. Some oak species are more tolerant of flooding such as overcup
oak (Q. lyrata), while other bottomland oak species (cherrybark, Nuttall, swamp chestnut
(Q. michauxii), water, and willow) are only moderately tolerant of flooding (Gardiner
2001). Cherrybark oak survival is poor where soils are flooded longer than a few weeks
during the growing season (McKnight et al. 1980).
6

Canopy openness affects the intensity of light transmitted to the forest understory.
Understory light availability can greatly influence the ability of seedlings to survive and
thrive on the forest floor (Logan 1965; Carvell and Tryon 1961; McGee 1968). Studies
indicate that northern red oak (Q. rubra) seedling height, growth, and survival decreases
with overstory density (Carvell and Tryon 1961; Crow 1992; Ashton and Larson 1996;
Frey et al. 2007). While oak species differ somewhat in their optimal light requirements
for growth, red oaks as a group are largely shade intolerant; therefore, their ability to
receive ample understory light is vital for survival and growth. Furthermore, Gardiner
and Hodges (1993) reported that low light availability may be the most limiting factor to
oak regeneration. Moderate light between 27 and 53 percent significantly increased the
growth and biomass of cherrybark oak (Gardiner and Hodges 1998), especially in the
second growing season after the oak seedling is no longer reliant on the cotyledon for
growth (Crow 1988). Studies examining the effects of canopy gap conditions on
regeneration indicate that oak seedlings are found more often in larger gaps (Holladay et
al. 2006). Windthrow is noted as the cause of most gaps in naturally flooded areas (King
and Antrobus 2001). Jenkins and Chambers (1989) found that stand basal area is a poor
indicator of understory light availability in closed canopy stands where the midstory was
removed. Silvicultural treatments such as midstory control have shown to increase the
light penetration to the understory level and to increase understory oak seedling growth
(Loftis 2004; Peairs et al. 2004; Ezell et al. 1993). Midstory control may not be sufficient
in increasing light levels to understory seedlings in closed canopy riparian forests
(Ostrom and Loewenstein 2006; Cunningham et al. 2011); however, studies have shown
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that a combination of midstory control and partial overstory harvest may provide
favorable conditions for oak regeneration (Peairs 2003; Cunningham et al. 2011).
Variability, synchrony, and periodicity are the three key elements that define
masting (Kelly and Sork 2002). Masting patterns can be further described as either strict
or normal (Kelly 1994). Koenig and Knops (2000) reported that normal masting occurs
with most major trees of the Northern Hemisphere, where there may be some variability
in the amount of mast produced in a given year. There have been multiple studies of
spatial and temporal masting patterns which have led to numerous masting theories that
suggest environmental conditions (Kelly 1994; Piovesan and Adams 2005), predator
satiation (Janzen 1971; Silvertown 1980; Wolff 1996; Kelly and Sork 2002), resource
matching (Kelly 1994; Sork et al. 1993; Koenig and Knops 2000; Kelly and Sork 2002),
and/or pollination efficiency (Nilsson and Wastljung 1987; Sork et al. 1993; Garrisson et
al. 2008) as drivers of masting behavior. Oak mast production of whole, sound acorns
plays a key role as both a wildlife food source and a source of natural oak regeneration.
Auchmoody et al. (1993) suggest that northern red oaks with a mean diameter of ≥36 cm
and stand basal area of 16 m2ha-1 are capable of good acorn production, and acorn
production dropped rapidly in trees below 36 cm in diameter (Gysel 1956). Guttery
(2006) reported that willow oak acorn production was not limited to any specific
diameter within the range of 35-85 cm DBH; however, diameters of 55-65 cm
consistently produced numerous and viable acorns (Guttery 2006). The identification of
individual oaks considered to be ‘good producers’ can also be helpful in making forest
management decisions. Johnson’s (1994) method recommended a five year observation
timeline to identify good producers, while Healy (1999) suggested identifying good
8

producers for a minimum of three consecutive years in order to capture between 72 to
100% of good producers. Seed production likely plays a direct role in mediating seedling
recruitment, significantly reducing seedling establishment in poor seed years.
Animal predation can have major impacts on natural oak regeneration within
bottomland hardwood forests. Acorns are a critical food source for various wildlife
species. Some studies of small prey populations identify acorn mast as a ‘keystone’
resource (Wolff 1996) or a key component of a feedback loop relating multiple functional
units by their interactions within a system (Koenig and Knops 2005). Predation can
greatly affect seed availability for seedling establishment. There are approximately 96
species of birds and mammals that rely heavily upon acorns as a food source during fall
and winter (Martin et al. 1961). Oak species considered to produce preferred mast by
wood ducks (Aix sponsa) and mallards (Anas platyrynchos) include both willow oak and
Nuttall oak (Barras 1993; Miller et al. 2003).
Additionally, the number of seedlings available for regeneration efforts can be
reduced by animal herbivory. White-tailed deer (Odocoileus virginianus) are important
browsers of seedlings, and high population densities pose serious concern for
regeneration since they consume buds and foliage, and also can cause damage by rubbing
on the stems of saplings (Alverson et al. 1988; Tilghman 1989). Browsing of
regeneration by mammalian herbivorous species, such as white-tailed deer and swamp
rabbits (Sylvilagus aquaticus aquaticus), can, in extreme cases, interfere with stand
development and species stratification (Kittredge and Ashton 1995; Holladay et al. 2006).

9

Silvicultural Approaches to Regenerating Oaks
Several silvicultural approaches have been developed and implemented to aid in
the advancement of red oaks into the forest overstory (Meadows and Stanturf 1997).
These regeneration methods often involve the use of shelterwood treatments, either as a
single clearfelling (one-cut shelterwood) or a uniform shelterwood with multiple cuts that
may include midstory control combined with an establishment cut (partial overstory
removal). Once advance regeneration is sufficiently competitive, an overstory removal
cut can occur several years later to release oak regeneration.
Clearfelling approaches in hardwoods remove all vegetation in all size classes of
all species to provide conditions of full sunlight. This technique is most favorable to
shade intolerant early successional species, which can respond to these high light levels
with rapid growth. However, if oak species are not present before the cutting, it is more
likely that light-seeded shade intolerant species will fill in the stand area. Previous studies
suggest the best source for competitive oaks is large advance regeneration that survive a
clearfelling and/or resprout (Sanders and Clark 1971; Meadows and Stanturf 1997).
Additionally, even if red oaks are not initially dominating the stand, there is great
potential that red oaks will eventually advance to dominate the canopy (Johnson and
Krinard 1988). However, this transition to red oak dominance can be slow and other
methods to help speed up this process may be beneficial (Meadows and Stanturf 1997).
Uniform shelterwood methods are useful for promoting regeneration of heavyseeded species such as red oaks. Although this technique has been fairly successful in
uplands, the results have been highly variable in southern bottomland hardwood stands
(Meadows and Stanturf 1997). This method also requires a careful balance of
10

establishment cut intensity. Hodges (1989) reported heavy cuts favor shade intolerant
species other than oaks, while light cuts favor shade tolerant species. Additionally,
Meadows and Stanturf (1997) suggested that retention of more than 12 m2ha-1 of basal
area can favor shade tolerant species, and thus a midstory control treatment targeting
undesirable species may also be necessary for success in bottomland hardwood stands.
Midstory control in bottomland hardwood stands is often performed using a ‘hack
and squirt’ technique that directly injects the stem on unmerchantable, non-oak species
with an aqueous solution of herbicide, most commonly imazapyr (Ezell et al. 1999;
Peairs et al 2004; Cunningham et al. 2011; Guttery et al. 2011). Midstory control
techniques can aid in increasing light to the forest floor in stands with dense midstory and
understory; however, midstory control alone is not always sufficient in providing
adequate conditions for growth of red oaks in bottomland hardwood forests (Ostrom and
Loewenstein 2006; Cunningham et al. 2011). The use of midstory control in combination
with additional methods to open up the overstory canopy may be more beneficial.
Shelterwoods that combine a partial overstory removal with midstory control have
received increased attention and can be used to promote growth and development of
mature stems of favorable species while also promoting regeneration within the same
stand (Meadows and Stanturf 1997). These methods have proven to be fairly successful
in regenerating bottomland hardwood stands to oak (Peairs et al. 2004; Cunningham et al.
2011). Peairs et al. (2004) reported that a residual basal area of 11.5 m2ha-1 (50 ft2ac-1)
provided the most suitable conditions for oak regeneration.
Regeneration techniques have not always been successful in regenerating a
difficult species group like red oaks. More knowledge of the establishment and
11

advancement into the canopy of red oak advance regeneration is needed to help reduce
some of the variability of response from silvicultural techniques. Although the traditional
definition of thinning is not concerned with regeneration but rather maintaining the
growth if the residual stand, the partial canopy opening from thinning increases light
availability to the forest floor. This is especially true in bottomland hardwoods, where
thinning results in highly variable spacing and thus areas of high light availability
suitable for regeneration. Therefore, thinning may represent an opportunity to enhance
the establishment of red oak advance regeneration, which can then be favored during
regeneration treatments (Meadows and Stanturf 1997; Lockhart et al. 2004). However,
studies have not addressed the effects of thinning treatments on the establishment of red
oak advance regeneration.
Study Rationale
Natural regeneration is thought to be short-lived in bottomland hardwood forests.
Flooding, particularly that of long duration, can limit the growth and survival of oak
seedlings. A lack of establishment of advanced regeneration and subsequent canopy
recruitment is a major concern for the maintenance of red oak components in bottomland
hardwood stands (Oliver et al. 2005). Ensuring the continued recruitment and
development of large dominant and codominant red oaks in bottomland hardwood forests
is critical to maintain mast production for wildlife and perpetuate red oak components
into the future (McShea et al. 2007; Sharp 1958).
Improving our knowledge of the natural regeneration dynamics of oaks,
particularly in relation to harvest disturbance and forest structure, is an important
management concern (Larsen and Johnson 1998; Sedjo 1996). Establishment patterns of
12

red oaks in bottomland hardwood forests have been studied in recent decades; however,
further study, spatially and temporally, needs to occur in order to better predict the
recruitment, establishment, and development of red oak advance regeneration. This study
investigated seedlings within bottomland hardwood forests in minor stream bottoms in
east-central Mississippi through assessment of advance regeneration in relation to basal
area (m2ha-1), and understory light availability. Although several studies have focused on
longer term dynamics of advance regeneration in bottomland hardwood forest systems
(Yin et al. 2009; Küßner 2003; Collins and Battaglia 2008; Battaglia et al. 2000), limited
work has been done to evaluate advance regeneration establishment and development in
partial canopy removal in a shelterwood or following thinning treatments.
Objectives of this study included:
1. Assess current seedling abundance and aggregate height of red oak and
associated species advance regeneration in closed canopy and treatment
forest areas.
2. Determine the relationship between current red oak advance regeneration,
and understory light availability among east-central Mississippi minor
stream bottom sites used in this study.
3. Assess the relationship of current overstory canopy cover to understory
light availability, seedling abundance and aggregate height of red oak
advance regeneration.
These objectives were met through measurements of overstory, advance
regeneration, and understory light conditions within three different study areas. These
study areas addressed a variety of stand conditions occurring in minor bottom hardwood
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forests of east-central Mississippi including: undisturbed closed canopy, midstory control
and partial harvest, and thinning areas.
Specified hypotheses investigated included:
1. Red oak seedlings will have greater height and density in areas of
increased light in closed canopy stands.
2. Red oak seedling abundance will be greater in thinned forest areas than in
closed canopy areas.
Improved knowledge of the development of advance regeneration could be
combined with information about acorn production patterns to better understand the
relationship between masting events and recruitment and survival. Management practices
could then be better timed to coincide with important mast events to ensure the
maintenance of both wildlife food and the necessary advance regeneration to sustain the
dominance of red oaks within the canopy of bottomland hardwood forests.
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CHAPTER II
REGENERATION AND LIGHT CONDITIONS IN A CLOSED CANOPY FOREST

Introduction
Red oaks are important components of minor stream bottom hardwood forests in
Mississippi, but recent study (e.g. Oliver et al. 2005) suggests an overall decline in red
oak abundance within the southeastern United States. This region contains some of the
greatest diversity of oak species in the United States (Aizen and Patterson 1990; Dey et
al. 2009), and maintaining biodiversity, along with historical stand types, has been an
important consideration for managers in recent decades (Kellison and Young 1997).
Much of the loss of red oaks in the overstory canopy has been a function of conversion to
agriculture (Sternitzke 1976; MacDonald et al. 1979; Turner et al. 1981) and highgrading or poor management which has degraded the overall forest condition (Bowling
and Kellison 1983). Maintenance of red oaks is highly reliant on the establishment of
advance regeneration, which includes seedlings that develop in the forest understory prior
to canopy disturbance (Smith et al. 1997). Oaks, along with a number of other species,
depend upon this regeneration pathway since they are not well adapted to recruit or
compete with faster growth pioneer species that establish after stand disturbance (Smith
et al. 1997). Further, while some studies suggest that sprouting can be an important mode
of natural regeneration, sprouting by mature mesophytic and hydrophytic oaks is limited
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and thus these oaks are primarily dependent on regeneration by seed (Larsen and Johnson
1998).
Numerous factors affect both the recruitment (seed production, predation,
germination) and growth and survival (light availability, flood duration, herbivory) of the
oak advance regeneration within bottomland hardwood sites (see CHAPTER I). Among
these factors influencing the development of advance regeneration, light is the primary
factor controlling establishment. Understory light conditions are especially important for
shade intolerant species, such as red oaks (Gardiner 2001). Previous reports of available
understory light conditions in closed canopy bottomland hardwood forests have been
reported to range from 4 to 15% (Peairs 2003; Ostrom and Loewenstein 2006;
Cunningham et al. 2011; Guttery et al. 2011). These conditions are suboptimal for red
oak growth (Gardiner and Hodges 1998), constraining both growth and survival. Natural
establishment can range from none to thousands per hectare, but shaded conditions can
reduce oak growth rates and usually limit survival to <10 years (Johnson 1979). Although
shaded conditions can slow seedling growth and increase mortality, studies in the
northeastern United States show that cohorts can be very persistent (Marks and Gardescu
1998; Frey et al. 2007). Where advance regeneration is persistent and becomes welldeveloped, there are elevated chances for oaks to gain a position within the overstory
following canopy disturbance (Loftis 1990).
In bottomland hardwood forests, as in most forests, the overstory (trees forming
the main canopy) is a key determinant of available understory light (Jenkins and
Chambers 1989). Bottomland stands are characterized by high species diversity and
highly stratified canopies. Red oaks [cherrybark oak (Quercus pagoda), Nuttall oak (Q.
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texana), water oak (Q. nigra), willow oak (Q. phellos)] often dominate the canopy of
these bottomland stands (Oliver et al. 2005). Dependent upon the site and stand
developmental stage, common species associates include white oaks [overcup (Quercus
lyrata), swamp chestnut (Q. michauxii)], American elm (Ulmus americana), green ash
(Fraxinus pennsylvanica), sugarberry (Celtis laevigata), sweetgum (Liquidambar
styraciflua), pecan (Carya illinoinensis), baldcypress (Taxodium distichum), sycamore
(Platanus occidentalis), and eastern cottonwood (Populus deltoides) (Oliver et al. 2005).
The high degree of diversity within both the overstory and midstory canopy layers
ultimately affects the amount of available light able to penetrate into the understory
(Jenkins and Parker 1999).
The midstory (smaller trees forming a subcanopy below the level of the main
canopy) can be very vigorous in bottomland stands, reducing light penetration to the
understory (Johnson and Krinard 1976; McKnight and Johnson 1980; Kellison et al.
1981), and ultimately restricting the growth of seedlings (Janzen and Hodges 1985).
Common midstory species composition of bottomland hardwood stands includes
American hornbeam (Carpinus caroliniana), pawpaw (Asimina triloba), American holly
(Ilex opaca), slippery elm (Ulmus rubra), winged elm (Ulmus alata), red mulberry
(Morus rubra), red maple (Acer rubrum), sugarberry, eastern hophornbeam (Ostrya
virginiana), sweetgum, oak, hickory (Carya spp.), dogwood (Cornus spp.), and green ash
(Alkire et al. 2012; Lockhart et al. 1993). Ostrom and Loewenstein (2006) found that
unthinned bottomland hardwood stands provided approximately 4.2% of full sun, and
that full midstory removal treatments increased light availability to approximately 10.6%
of full sun (Ostrom and Loewenstein 2006). Although significantly different, it is
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unlikely that this small increase would prove biologically significant for shade intolerant
species in the presence of an undisturbed overstory (Ostrom and Loewenstein 2006).
Midstory control alone may not alter the understory light conditions enough to promote
red oak regeneration in the long term; however, Cunningham et al. (2011) suggested that
a combination of midstory/understory injection and partial harvest treatments can
significantly enhance the light environment for development of advance regeneration.
There have been very few studies directly relating understory light to stand
structural characteristics in bottomland hardwood forests (Jenkins and Chambers 1989).
The structure of both overstory and midstory, through its effects on light availability, is
undoubtedly a critical determinant of oak development. An improved understanding of
natural regeneration of red oak species in the southeastern United States is needed,
particularly in terms of relationships among stand structure, available understory light,
and the development of advance regeneration. Few studies have investigated the
development of oaks in relation to associated species, and even fewer studies have
investigated this within bottomland hardwood forests. This study assessed advance
regeneration of red oak and associated species in undisturbed, closed canopy conditions
in a bottomland hardwood forest. The primary objectives of this study were to:
1. Assess the development (density, stature) of oak regeneration
2. Assess the light environment and the stand structural characteristics that
may mediate light
3. Relate development of advance regeneration to light availability and stand
structural conditions.
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Methods
Study Area
This study was conducted within a minor stream bottom hardwood forest within
Sam D. Hamilton Noxubee National Wildlife Refuge (Noxubee NWR) in east-central
Mississippi (N33º17' W88º47'). The predominant soil type in this area is Mathiston silt
loam (Soil Survey Staff 2012). This area is near the Noxubee River (altitude: 76 m) and
subject to periodic flooding events, especially during the winter months. The region has
an average temperature of 17.3 °C and receives approximately 1412 mm of precipitation
annually (NOAA 2013). The overstory canopy of this closed canopy forest is primarily
composed of red oaks, sweetgum, and red maple (Table 2.1).
Sampling
The study site was previously established as part of a regional study to investigate
red oak acorn production (Straub 2012). The 17 red oak trees (9 cherrybark oak, 6 willow
oak, and 2 water oak) that comprised the sample trees for the mast study were also used
for sampling in this study. The acorn trap was used as the plot center for sampling the
overstory, midstory, and regeneration across the sampling area. The acorn traps had been
randomly located at a point halfway between the bole and dripline of an individual red
oak stem.
Overstory & Midstory
At each of the 17 individual red oak sample trees, circular plots with a twenty
meter radius were established with the center of the acorn trap acting as plot center. All
trees greater than five centimeters diameter within the plot were identified by species and
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measured for diameter at breast height (DBH). Stems 5-24.9 cm DBH were classified as
midstory, while stems ≥25 cm DBH were classified as overstory. Crown class (dominant,
codominant, intermediate, or suppressed) of each tree was also recorded.
Regeneration
At each plot, four circular 8.1 m2 (1.62 m radius) regeneration subplots were
positioned at 90 degree angles at a distance of six meters from the center of each acorn
trap (Figure 2.1). In each regeneration subplot, individual seedlings were identified by
species, and seedling heights were recorded to the nearest centimeter.
Understory Light Sampling
At the center of each regeneration subplot, a LI-COR LI-191 line quantum sensor
(LI-COR, Lincoln, NE) was used to measure photosynthetically active radiation (PAR)
(µmol m2s-1) within the range of 400-700 nm during uniformly cloudy or clear sky
conditions. Light readings were taken at ground level and at one meter, in a random
direction. Readings were taken between 11:00 am and 01:00 pm (CST), and the time of
each reading was recorded. An initial and final reading were also taken in open light
conditions just outside of the stand and served as a reference condition to calibrate
percent available light in the sampling area.
Canopy hemispherical photography was used to quantify light conditions using
the global site factor (GSF) derived from digital images. GSF is the proportion of global
radiation (direct plus diffuse radiation) at a given point (i.e. under the forest canopy) in
relation to that in the open condition (Anderson 1964; Delta-T Devices 1999). Canopy
hemispherical photographs were taken at the center of each regeneration subplot in the
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study area during July 2012. Photographs were taken with a 3.34 mega pixel Nikon
Coolpix 990 camera with a Nikon LC-ER1 fisheye lens attachment (Nikon, Melville,
NY). The camera system was placed in a self-leveling mount (Delta-T Devices,
Cambridge, United Kingdom) and attached to a camera tripod. The camera was
positioned 1.5 meters above ground level, the mount consistently oriented north, and the
timer setting used. Canopy hemispherical photography was analyzed using Hemiview
Analysis 2.1 software (Delta-T Devices, Cambridge, United Kingdom).
Data Analysis
Species frequency was determined across the site for advance regeneration.
Frequency was calculated as the number of plots in which a species occurred divided by
the total number of plots sampled (Curtis and McIntosh 1950). This species frequency
value is represented as a percentage.
Species richness (S) was determined and used to calculate diversity with the
Simpson’s diversity index (1-D) equation (Begon et al. 1986):
2

𝑛

𝑆
𝐷 = ∑𝑖=1
( 𝑁𝑖 ) , 1 − 𝐷

(2.1)

where S is the number of species observed, N is the total number of individuals,
and ni is the number of individuals of species i. Simpson’s diversity index has a range of
zero to one, where greater values indicate greater diversity.
Evenness was determined with Shannon’s equitability (EH) using the equation:
𝑛

𝑛

𝐻 = − ∑𝑆𝑖=1 ( 𝑁𝑖 ) 𝑙𝑛 ( 𝑁𝑖 ) , 𝐸𝐻 = 𝐻/ln(𝑆)

29

(2.2)

where S is the number of species observed, N is the total number of individuals, and ni is
the number of individuals of species i. Shannon’s equitability has a range of zero to one,
where one indicates complete evenness.
Importance value index (IVI) is used to designate the overall importance of a
species within a community structure. In this study, IVI was determined for overstory,
midstory, and advance regeneration. For midstory and overstory stems, IVI was
calculated as the sum of relative frequency (# of individuals of one species/ # total of all
individuals), relative density (# of individuals of one species/ # total of all individuals),
and relative dominance (Total basal area of one species/ Total basal area of all species)
(Curtis 1959). For advance regeneration, aggregate height (sum of seedling heights in
each plot) was used in place of basal area to calculate relative dominance for seedlings.
Although seedling importance values are usually derived from frequency and density data
only, aggregate height provides an integrated measure of dominance (Fei et al. 2006).
Regressions of canopy structure, light, and regeneration were applied using the PROC
GLM and PROC REG procedures in SAS 9.3 (SAS Inc., Cary, NC).
Results
Seedlings
The most frequent species of advance regeneration included American hornbeam,
red maple, willow oak (Quercus phellos), ash (Fraxinus spp.), deciduous holly (Ilex
decidua), elm (Ulmus spp.), and hickory. The frequency of red oaks ranged from
approximately 20-35% (Figure 2.2).
The red oak mean seedling density was 8,885 per hectare, and the mean aggregate
height was 28.1 cm/m2. The mean height of red oak seedlings was 31.6 cm. Most red oak
30

seedlings fell within the smallest height class of 0-30 cm (Figure 2.3). For all species
combined, the mean seedling density was 18,842 per hectare, with a mean aggregate
height of 109.5 cm/m2. The mean height over all seedlings was 58.1 cm.
Based on seedling abundance, the Simpson’s index of diversity (1-D) was 0.88,
indicating a high-level of diversity. Shannon’s equitability (EH) was 0.78, indicating a
moderately high degree of evenness. Using aggregate height in calculating Simpson’s
index of diversity yielded similar results to those when using seedling abundance.
Advance regeneration importance values were greatest for American hornbeam, willow
oak, Nuttall oak, red maple, and ash.
Overstory & Midstory
The mean basal area, including all stem diameters five centimeters or greater, was
30.4 m2ha-1 and fell within the range 17.2 to 43.5 m2ha-1. The overstory was composed of
cherrybark oak, sweetgum, willow oak, red maple, overcup oak, swamp chestnut oak, and
baldcypress and had a mean basal area of 24.9 m2ha-1. The midstory layer was dominated
by American hornbeam, sweetgum, red maple, hickory, elm ash, and sugarberry and had
a mean basal area of 5.5 m2ha-1. The overall diameter distribution indicated a “reverse J”
distribution, with a decreasing number of stems per hectare in the larger diameter classes
(Figure 2.4). Red oaks made up 36.14 percent of the basal area of all stems greater than
five centimeters in diameter.
The Simpson’s index of diversity (1-D) for midstory and overstory stems was
0.80 and 0.87, respectively, indicating high levels of diversity, particularly in the
overstory. With regards to evenness, Shannon’s equitability (EH) was 0.62 for midstory
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and 0.79 for overstory stems, indicating a higher level of evenness in the overstory
compared to the midstory.
Overstory species with the highest importance values were cherrybark oak,
sweetgum, willow oak, red maple, and overcup oak (Table 2.1). The midstory, in
contrast, was dominated by sweetgum (IVI~67) and followed by American hornbeam
(IVI~65), red maple (IVI~43), hickory (IVI~29), and elm (IVI~20).
Light
Percent light availability measured by the LI-COR line quantum sensors (µmol
m2s-1) was 4.7% at zero meters, with a range of 1.0 to 18.0%. Percent light at one meter
was 5.4%, and ranged from 1.5 to 11.9%. Light values measured with canopy
hemispherical photos photography yielded a mean GSF index value of 0.109 (10.9%),
and ranged from 0.086 to 0.143 (8.6-14.3% of full light).
Discussion
Advance regeneration was abundant in this closed canopy stand, but seedlings
were generally of small stature. Most red oak seedlings were within the 0-30 cm size
class (Figure 2.3), which is common in closed canopy bottomland hardwood stands.
Kittredge and Ashton (1990) reported that a higher proportion of red oaks in the
overstory did not result in more oak regeneration in the understory, and that ultimately
total overstory basal area was not an important independent variable. The occurrence of
red oak seedlings across the study site was spatially variable (Figure 2.5).
Red oaks made up 0.7% of the midstory and 37.4% of the overstory. Although red
oaks are currently a main proportion of the overstory and regeneration layer, they are
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infrequent in the midstory layer suggesting a lack of recruitment into the overstory, a
common issue in bottomland hardwood forests. Large, vigorous red oak seedling or
saplings are necessary for maintaining red oaks in the overstory.
Red oak seedlings may initially be overtopped by other species, especially
sweetgum, but studies have shown that oaks can compete in the long term and eventually
come to dominate the crown canopy (Bowling and Kellison 1983; Lockhart et al. 2006).
Previous studies recommended 137 cm (Hodges and Janzen 1987; Johnson et al. 2002;
Sander et al. 1976), or >90 cm (Belli et al. 1999; Brose et al. 2008) as adequate size for
regeneration to be successful upon release. According to the standards of these prior
studies, the small size (mean height 31.10 cm; Figure 2.3) of the red oak advance
regeneration present would not be considered adequate for growth into the canopy.
Conversely, bottomland regeneration guideline, e.g. the modified Johnson Method for
evaluating the adequacy of regeneration (Belli et al. 1999), would suggest a high
probability of successful oak establishment in these stands given the high abundance of
small seedlings (>3000/ha).
Measured understory light levels in these bottomland stands were low. Previous
studies have found available light in the understory of closed canopy bottomland stands
ranging from 5.3 to 15.3% of full light (Peairs 2003; Cunningham et al. 2011; Guttery et
al. 2011). Such low understory light levels are likely to limit the development of advance
regeneration in closed canopy stands. Understory light levels of 1.51 to 11.91% were
measured within this closed canopy bottomland forest. Red oaks rely heavily on
understory light for growth and development (Gardiner 2001). Gardiner and Hodges
(1998) reported ideal light conditions for full growth were between 27 to 53% for red
33

oaks, which is more than double the amount of light measured in this study. Full shade
conditions often lead to mortality in oak seedlings within 5-10 years (Johnson 1979);
however, Johnson and Krinard (1988) noted that some oaks (e.g. Nuttall oak) can survive
and maintain limited upward growth with only 2-3 hours of daily sunlight. Although red
oaks may persist in these low light conditions, the environment may be more favorable to
other more shade tolerant species such as American hornbeam, ash, red maple, elm,
hickory, and sugarberry. Consequently, the low light conditions that develop in stratified,
minor stream bottom stands are likely to favor shade tolerant species over red oaks.
There was no clear relationship between available understory light levels and red
oak advance regeneration in this closed canopy forest; however, it is difficult to quantify
long-term effects of low light conditions. Other factors may be influencing development
of advance regeneration, such as flooding or microsite conditions. By increasing the
amount of light to the understory, red oak advance regeneration may be provided the
opportunity for growth and development to enhance their chances of progressing into the
future overstory. More available light in the understory could be obtained through
opening up the forest canopy (see CHAPTER III, CHAPTER IV).
This closed canopy stand was highly stratified and had a well developed midstory.
The midstory layer of bottomland forests is often quite dense and has the potential to
further limit the penetration of light to the understory (Johnson and Krinard 1976;
McKnight and Johnson 1980; Kellison et al. 1981), thus limiting the establishment and
growth of many desirable hardwood species (Janzen and Hodges 1985). The overstory
layer was mainly composed of cherrybark oak, sweetgum, willow oak, red maple,
overcup oak, swamp chestnut oak, and baldcypress and had a mean basal area of 24.9
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m2ha-1. In contrast, the midstory layer was dominated by sweetgum, red maple, hickory,
elm, ash, and sugarberry and had a mean basal area of 5.5 m2ha-1. Although red oaks
were dominant components in the overstory, they were infrequent in the midstory.
Previous studies have shown that dense midstories limit light transmission to the
understory, thereby limiting the development of advance regeneration (Johnson and
Krinard 1976; McKnight and Johnson 1980; Kellison et al. 1981; Janzen and Hodges
1985). Limited abundance of red oak midstory stems, combined with a dense midstory of
shade tolerant species suggests that red oaks will not dominate the stand in the future in
the absence of treatments to favor the establishment and development of advance
regeneration.
Red oak species had some of the highest importance values in the overstory and
advance regeneration layers. Depending on management objectives, some type of release
treatment may be desired in order to better maintain red oaks as an overstory component
in future stands.
American hornbeam was the most frequent advance regeneration present and had
a high importance value, especially in the midstory (Table 2.1). Although moderately
large American hornbeam may contribute to the limitation of light penetration to
understory layers, it is shade tolerant and is usually outcompeted over time by shade
intolerant species when a stand is released (Bowling and Kellison 1983). On the other
hand, it vigorously resprouts after cutting (in the absence of herbicide treatment) and thus
may reduce the development of shade intolerant species such as red oak.
In this study, the closed canopy forest was characterized by high species diversity
and very even distribution. A moderately high level of diversity is common for many
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natural bottomland hardwood stands (Allen 1997; Kellison and Young 1997). High
species diversity can provide a variety of forest habitat for wildlife and avoid many issues
associated with less diverse stands, such as artificial plantings, afforestation, or
plantations (Allen 1997; Ouchley et al. 2000).
Implications
Low light levels in this closed canopy bottomland hardwood forest were
insufficient to provide optimal growth conditions for the development of red oak advance
regeneration (Gardiner and Hodges 1998) which could limit the development of large red
oak advance regeneration. Few red oak stems were present within the dense, vigorous
midstory level. Many of the vigorous midstory species were abundant as advance
regeneration and included species such as American hornbeam, red maple, ash, elm, and
sugarberry. These midstory stems could contribute to the limitation of light penetration to
understory layers, and reduce the chances of shade intolerant species in the understory to
advance into the overstory in the absence of canopy disturbance.
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Tables

Table 2.1

Importance values for overstory, midstory and advance regeneration species
in a closed canopy, minor bottom forest stand in east-central Mississippi.
Maximum importance value possible is 300.

Species
Grand Total
Quercus pagoda
Liquidambar styraciflua
Quercus phellos
Acer rubrum
Quercus lyrata
Quercus michauxii
Taxodium distichum
Carya spp.
Quercus alba
Quercus texana
Quercus nigra
Pinus taeda
Fraxinus spp.
Betula nigra
Carpinus caroliniana
Ulmus spp.
Diospyros virginiana
Nyssa sylvatica
Liriodendron tulipifera
Celtis laevigata
Ostrya virginiana
Ilex decidua
Fagus grandifolia
Cornus spp.
Morus rubra
Platanus occidentalis
Asimina triloba
Acer negundo
Robinia pseudoacacia
Juniperus virginiana
Ilex opaca
Prunus spp.
Quercus laurifolia

Overstory

Midstory

300
65.31
49.10
34.88
28.25
20.59
13.58
12.84
11.65
10.60
10.01
9.75
8.43
7.31
5.14
3.74
3.31
2.01
1.85
1.64
0
0
0
0
0
0
0
0
0
0
0
0
0
0

300
3.87
66.84
3.02
42.53
3.93
8.32
0
28.89
1.11
0
0
0
11.05
0
64.81
19.51
2.02
6.79
3.07
6.83
4.62
4.19
4.05
2.57
2.46
2.44
2.25
1.30
1.00
0.86
0.83
0.82
0
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Advance
Regeneration
300
11.00
9.94
41.03
32.67
0
0
4.70
10.60
0.52
34.09
14.12
0
24.54
0
55.33
13.76
0.54
5.37
2.58
10.17
0
12.68
0
3.54
0
0
8.67
0
0
0
3.21
0
0.92

Figures

Figure 2.1

Sampling design.

Red square indicates randomly located center point halfway between red oak bole and
canopy dripline. Yellow circles indicate four, 8.1 m2 regeneration plots, and blue crosses
represent the location of light readings at the center of each regeneration plot.

Figure 2.2

Frequency (% occurrence) of advance regeneration by species at the closed
canopy site

Red oak species are indicated by striped bars, white oaks by dotted bars, and non-oak
species by solid bars.
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Figure 2.3

Seedling density (count per hectare) by species by height classes (0-30 cm,
30-60 cm, 60-100 cm, and 100+ cm) for closed canopy stand conditions.

Figure 2.4

Stem density (count/ha) of all overstory stems (diameter ≥25cm) expressed
by diameter classes (cm).
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Figure 2.5

Linear regression between GSF (%) and basal area (m2ha-1) including all
species greater than 5 cm in diameter in a closed canopy bottomland
hardwood stand

R2=0.0571.

Figure 2.6

Square-root transformed mean red oak seedling density (count/ha) by
percent red oak basal area (%) for stems greater than 5 cm in diameter in a
closed canopy stand

R2=0.1937.
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Figure 2.7

Regression of red oak mean height (cm) by GSF (%) in a closed canopy
bottomland hardwood stand

R2=0.0065.

Figure 2.8

Regression of red oak seedling aggregate height (cm/m2) by available
understory light (% at 1 meter) in a closed canopy bottomland hardwood
stand

R2=0.1283.
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CHAPTER III
THIRD YEAR REGENERATION OF VARIABLE RESIDUAL CANOPY STUDY

Introduction
Canopy conditions can greatly influence the environment for the development of
advance regeneration, especially in terms of light availability (Logan 1965; Carvell and
Tryon 1961; McGee 1968). While shade tolerant species can readily establish in the low
light conditions of a forest understory, shade intolerant tree species such as red oaks show
limited establishment and growth except where canopy openings occur. Red oaks are
important components of bottomland hardwood forests; however, studies have raised
concerns about a decline of red oaks in the canopies of southeastern bottomland forests in
the United States (Oliver et al. 2005). An increased understanding of silvicultural
approaches aimed at facilitating oak regeneration is needed. Specifically, an improved
understanding of natural regeneration of red oak species is needed in terms of
relationships among residual basal area, available understory light, and development of
advance regeneration.
The overstory of bottomland hardwood forests is commonly composed of species
such as water oak (Quercus nigra), willow oak (Q. phellos), Nuttall oak (Q. texana),
overcup oak (Q. lyrata), American elm (Ulmus americana), green ash (Fraxinus
pennsylvanica), sugarberry (Celtis laevigata), sweetgum (Liquidambar styraciflua),
pecan (Carya illinoinensis), baldcypress (Taxodium distichum), sycamore (Platanus
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occidentalis), eastern cottonwood (Populus deltoides), cherrybark oak (Q. pagoda), and
swamp chestnut oak (Q. michauxii) (Oliver et al. 2005). The crown cover and density of
this overstory layer can have major impacts on the amount of available understory light
(Jenkins and Chamber 1989). Closed canopy bottomland forests allow very limited light
penetration into the understory, which results in a majority of the understory red oak
seedlings present being small in stature (see CHAPTER II). Large advance regeneration
has a higher probability of growing into the overstory when released.
The midstory layer of bottomland forests is often quite dense and has the potential
to further limit the penetration of light to the understory (Johnson and Krinard 1976;
McKnight and Johnson 1980; Kellison et al. 1981), thus limiting the establishment and
growth of many desirable hardwood species (Janzen and Hodges 1985). Midstory
composition of bottomland hardwood stands is characterized by a diversity of species,
which include: American hornbeam (Carpinus caroliniana), pawpaw (Asimina triloba),
American holly (Ilex opaca), slippery elm (Ulmus rubra), winged elm (Ulmus alata), red
mulberry (Morus rubra), red maple (Acer rubrum), sugarberry, eastern hophornbeam
(Ostrya virginiana), sweetgum, oak (Quercus spp.), hickory (Carya spp.), dogwood
(Cornus spp.), and green ash (Alkire et al. 2012; Lockhart et al. 1993). American
hornbeam is a particularly abundant midstory species in minor stream bottoms that limits
light transmission (Peairs et al. 2004). If shade tolerant species such as American
hornbeam and eastern hophornbeam are present in the midstory, studies suggested that
the midstory be cut or deadened to prevent undesirable species from dominating the stand
composition (Johnson 1979; Johnson and Biesterfeldt 1970). Midstory control can
increase light conditions for oak regeneration (Cunningham et al. 2011; Guttery et al.
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2011; Peairs 2003) and can increase oak seedling growth and vigor (Lockhart et al. 1993;
Lockhart et al. 2000). Gardiner and Hodges (1998) reported optimal light conditions for
red oaks occur at moderate levels between 27 and 53 percent. Midstory control is usually
applied pre-harvest (Cunningham et al. 2011; Guttery et al. 2011; Peairs et al. 2004), but
can be applied five to ten years prior to final harvest in order to maximize the height
growth of advance regeneration (Lockhart et al. 2000).
Shelterwood methods usually include multiple cuttings, with an initial partial
overstory removal cut used to promote growth and development of desirable species
(Meadows and Stanturf 1997). These partial harvests have proven effective in increasing
light availability suitable for the development of oak advance regeneration, particularly
when implemented in combination with a midstory control treatment (Peairs et al. 2004;
Cunningham et al. 2011). Studies suggest that treatments reducing basal area to 11.6
m2ha-1 (with midstory control) should produce the most suitable light conditions to favor
desirable species such as red oaks (Cunningham et al. 2011; Cunningham 2011).
However, little data is available on growth and development of oak and associated
species in relation to residual basal area beyond the first year. The objective of this study
was to assess development of advance regeneration of red oaks and associated species in
response to differing levels of canopy removal in a minor stream bottom hardwood forest.
Abundance and height development of advance regeneration were assessed three years
after partial harvesting (with midstory control) to evaluate the effects of different partial
harvest intensities on the development and species composition of advance regeneration.
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Methods
Study Area
This study was conducted within three oak-dominated minor stream bottom
hardwood sites in east-central Mississippi. Two of the sites, ‘Bluff Lake’ (N33º16'
W88º46', 67 MASL) and ‘GTR2’ (N33º16' W88º44', 64 MASL) were located in the Sam
D. Hamilton Noxubee National Wildlife Refuge (Noxubee NWR) and the third site
‘County Line’ (N33º17' W88º55', 79 MASL) was located on John W. Starr Research
Forest. These three sites were part of a larger experiment on hardwood regeneration
(Rainer et al. unpublished data), and were selected to represent uniform residual basal
area treatment conditions. Note that GTR2 was not actually located within a greentree
reservoir, but was near one and separated from it by a levee road. Predominant soil types
of the three sites include Urbo-Mantachie association, occasionally flooded at Bluff Lake
and GTR2, and Mathison silt loam at County Line (Soil Survey Staff 2012). The region
has an average temperature of 17.3 °C and receives approximately 1412 mm of
precipitation annually (NOAA 2013). The three sites are near the Noxubee River, and
thus, subject to periodic flooding events, especially through the winter months. All stands
contained an overstory composition of approximately 65 to70% oak stems, with an
average age of 83 years (Rainer et al. unpublished). Specific ages of Bluff Lake and
GTR2 sites were 81 and 86 years, respectively (Noxubee NWR staff, personal
communication). Minor components of the stand include: sweetgum, American beech
(Fagus grandifolia), blackgum (Nyssa sylvatica), yellow poplar (Liriodendron tulipifera),
sycamore, loblolly pine (Pinus taeda), baldcypress, and hickory. The midstory is
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comprised of shade tolerant species such as American hornbeam, pawpaw, American
holly, elm, red mulberry, red maple, sugarberry, and eastern hophornbeam.
Experimental Design
Midstory control was applied in August 2009 with ‘hack and squirt’ techniques to
all stems except oak species, in the harvest treatment areas. In 2010, partial cut treatments
were applied as a randomized complete block design, with each 8 ha block containing
four, 2 ha experimental units. Each experimental unit was randomly assigned one of three
thinning intensities (mean residual basal area averaged 6.9, 9.2, and 13.8 m2ha-1) or to
remain as an uncut control.
Regeneration Sampling
Tree regeneration was evaluated within each treatment unit using five circular
40.5 m2 (3.6 m radius) regeneration plots, positioned systematically in the center and four
quadrants of the treatment area. In each regeneration plot, individual seedlings were
identified by species, and seedling heights were recorded to the nearest centimeter.
Data Analysis
Regeneration measurements at the plot level were treated as subsamples and
averaged to produce a treatment level mean (n=3). Data were analyzed using analysis of
variance (ANOVA) by PROC GLM in SAS 9.3 (SAS Institute Inc., Cary, NC).
Significance was evaluated at the value of alpha=0.05.
Species composition was evaluated by species frequency, species richness (S),
Shannon’s diversity index (EH) and Simpson’s diversity index (1-D) (see CHAPTER II
equations). Oak relative height was determined for each regeneration plot, and calculated
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by dividing the height (cm) of the tallest red oak species seedling by the height (cm) of
the tallest non-oak species seedling. These values were then averaged by treatment and
multiplied by 100, which produced a percentage value for oak relative height.
Results
Composition and Frequency
Across the different sites, species frequency of red oak advance regeneration was
between 30-60 percent, depending on species (Figure 3.1). Water (Q. nigra), cherrybark
(Q. pagoda), and willow (Q. phellos) oaks were the most abundant red oaks, and red oaks
occurred more frequently than white oak species such as swamp chestnut (Q. michauxii),
white (Q. alba), and overcup (Q. lyrata). Most frequent non-oak species were hickory,
ash, and red maple (65-80%); however, other frequent non-red oak species included
sweetgum, elm, and American hornbeam (Figure 3.1).
Seedling Density and Height
There were no treatment effects on red oak mean seedling density (p=0.9273) and
aggregate height (p=0.5820). When separated by height class (0-30 cm, 30-60 cm, 60-100
cm, and 100+ cm) mean red oak seedling density per hectare varied by treatment; small
height class seedlings were much more prevalent in the control, while greater numbers of
large height class seedlings were evident with increased intensity of canopy removal
(Figure 3.3). For tallest seedlings (100+ cm) the control contained only 40.5 red oak
seedlings per hectare, while the most intensive treatment (7 m2ha-1) contained nearly six
times more red oaks (242.8 red oak seedlings per hectare). Mean height of all red oak
species was significantly (p=0.0118) taller in the highest intensity midstory
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injection/partial harvest treatment (7 m2ha-1) compared to the control (Figure 3.2). The
density of red oak seedlings was 1,400 stems per hectare in the control, but was 2,076 per
hectare in the most intense treatment (7 m2ha-1).
Diversity
For relative seedling abundance, the Simpson’s diversity index (1-D) indicated a
high level of diversity across treatments, ranging from 0.79 to 0.83 (Table 3.1); however,
diversity was not significantly different among treatments. Shannon’s equitability (EH)
ranged from 0.75 to 0.82, indicating a high level of evenness. Diversity measures using
aggregate height were not significantly different than those for seedling abundance in
these stands.
Competition
Oak relative height (tallest red oak seedling divided by tallest non-oak seedling)
ranged from 35 to 65% and was not significantly different among treatments (p>0.05)
(Figure 3.4). The tallest red oak species overall were water oak and willow oak, and
ranged in height from 21 to 315 cm. The tallest non-oak species were American
hornbeam followed by hickory, red maple and sweetgum, whose heights ranged from 29
to 275 cm. Mean height of red oaks was greater in treatments of increasing cutting
intensity (31.1 cm in control and 61.3 cm in 7m2ha-1) and most other common non-oak
species, especially elm, red maple, and sweetgum. Mean height of non-oak species
ranged from 66.8 cm in the control to 83.5 cm in 9.2 m2ha-1 (Figure 3.5). The mean
height and aggregate height (cm/m2) of the most common species was variable (Figure
3.5; Figure 3.6).
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Discussion
Three years after partial canopy removal (combined with midstory control)
treatments, this study found that greater height development of red oak seedlings was
associated with lower residual basal areas, especially 7m2ha-1. Mean height of red oak
seedlings in the most intense (7 m2ha-1) removal was double that of mean height in the
control treatment. Additionally, large seedlings (60-100, 100+ cm) were observed more
often in the higher intensity cuts than the uncut control areas, which were characterized
by small seedlings (0-30, 30-60 cm). Greater growth is attributed to increased light
availability associated with partial canopy removal and midstory control (Cunningham et
al. 2011; Peairs et al. 2004).
These results are consistent with Cunningham et al. (2011) who reported adequate
to optimal light levels for oak regeneration after partial overstory removal combined with
midstory control that had residual basal areas from 6 to 11 m2ha-1. They also reported
11.6 m2ha-1 as the optimal residual basal area for oak regeneration when making
additional considerations for future seed dispersal and rapid growth of competitor
species. Similarly, Peairs et al. (2004) reported a residual basal area of 11.5 m2ha-1 (50
ft2ac-1) had the best light conditions for regeneration, and Larsen et al. (1997) noted that
residual overstory density over 13.8 m2ha-1 (60 ft2ac-1) limited the growth and survival of
oak regeneration.
Oak relative height was similar across treatments. Red oak heights were, on
average, between 35-60 percent smaller than the tallest non-oaks in each plot. Most
commonly, the non-oak species exceeded the height of the red oak advance regeneration.
While competition and overtopping by non-oaks may reduce oak survival (Aust et al.
54

1985), moderate competition could aid in red oak seedling growth through training or
increasing bole quality through a reduction in number of limbs (Oliver et al. 2005). For
example, in afforestation efforts within the Lower Mississippi Alluvial Valley,
facilitation of red oak seedling growth has occurred using trainer species such as
sweetgum (Lockhart et al. 2006). Another non-oak species often present included
American hornbeam; however, due to its status as shade tolerant and poor vigor overall
(Bowling and Kellison 1983; Rich 1989), it poses little competition to well-established
red oak advance regeneration and their growth and development into the overstory
canopy level.
For advance regeneration, species richness, diversity, and evenness were not
significantly different among treatments. All treatments in this study were characterized
by high seedling diversity, (0.79-0.83), which is consistent with the moderately high
amount of diversity often found in natural bottomland hardwood stands of the Southeast
(Allen 1997). Maintaining a high level of diversity enhances the structure and
development of mixed species stands, ensuring suitable habitat conditions for a diversity
of wildlife and promoting good stem form and natural pruning (Allen 1997; Ouchley et
al. 2000; Lockhart et al. 2006).
Partial canopy removal combined with midstory control can provide favorable
conditions for red oak regeneration in minor stream bottom hardwood forests. Greater
intensity harvests provided an increase in size and vigor of red oak seedlings in this
study. Long-term research on growth and development of oak advance regeneration is
needed. Continued analysis of composition and competition dynamics may provide
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further understanding about the interplay between red oak and related species throughout
the development of these stands.
Tables

Table 3.1

S
1-D
EH

Mean species richness (S), Simpson’s diversity index (1-D), and Shannon’s
equitability (EH) for relative abundance within each treatment.
Control
12.333333
0.8306351
0.8229849

14 BA
12.666667
0.7974823
0.8080612

9 BA
13
0.7928926
0.7630885

7 BA
12.333333
0.7935952
0.747042

Simpson’s diversity and Shannon’s equitability values are based on a range of zero to
one, where a greater value indicates greater diversity, and one indicates complete
evenness, respectively. Treatments were not significantly different.
Figures

Figure 3.1

Frequency of advance regeneration (% occurrence) by species as an
average of all three study blocks

Red oak species are indicated by striped bars. White oak species are indicated by dotted
bars. Non-oak species are indicated by solid bars.

56

Figure 3.2

Mean height of all red oak species (cm) by residual basal area (m2ha-1)
across sites (n=3) three years after midstory control and partial harvest

Letters signify differences at alpha=0.05. Bars represent ±standard error of the mean.

Figure 3.3

Mean seedling density (count/ha) of all red oak species by treatment
(residual basal area m2ha-1) by height classes (0-30 cm, 30-60 cm, 60-100
cm, and 100+ cm) where n=3.
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Figure 3.4

Oak relative height (%) between the tallest red oak seedling and tallest nonoak seedling by treatment (residual basal area; m2ha-1)

Letters signify differences at alpha=0.05.

Figure 3.5

Mean height (cm) of red oaks, American hornbeam, ash, elm, hickory, red
maple, and sweetgum species by treatment

(residual basal area m2ha-1).
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Figure 3.6

Mean aggregate height (cm/m2) for red oaks, American hornbeam, ash,
elm, hickory, red maple, and sweetgum species by treatment

(residual basal area m2ha-1).
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CHAPTER IV
FIFTH YEAR REGENERATION OF VARIABLE INTENSITY THINNING STUDY

Introduction
Red oaks are important components of bottomland hardwood forests. However,
studies have raised concerns about the decline of red oaks in the canopies of southeastern
bottomland forests in the United States (Oliver et al. 2005). The presence of oak
seedlings can be variable depending on factors such as mast production, or flood
duration. Once red oak seedlings become established, progression of these seedlings from
the understory into the canopy can be difficult, especially with a lack of available
understory light. Most oaks are classified as shade intolerant, so receiving ample
understory light is vital for survival and growth in bottomland hardwood forests (Carvell
and Tryon 1961; Logan 1965; McGee 1968). Hodges and Gardiner (1993) reported that
low light availability may be the most limiting factor to oak regeneration, and the range
of 27-53 percent light exposure allows for maximum growth of these oak seedlings
(Gardiner and Hodges 1998). Studies examining the effects of canopy gap conditions on
regeneration have indicated that oak seedlings are found more often in larger gaps
(Holladay et al. 2006).
As further evidence of light limitations to oak seedlings, silvicultural treatments
such as midstory control can be used to increase the light penetration to the understory
level and have been shown to increase understory oak seedling growth (Ezell et al. 1993;
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Loftis 2004; Peairs et al. 2004). Midstory control may not be sufficient in increasing light
levels to understory seedlings in closed canopy riparian forests (Ostrom and Loewenstein
2006; Cunningham et al. 2011); however, studies have shown that a combination of
midstory control and partial overstory harvest can increase light levels and provide
favorable conditions for oak regeneration (Peairs 2003; Cunningham et al. 2011).
Bottomland hardwood forests usually contain variable spacing of desirable,
quality stems (Meadows and Skojac 2012). Therefore, bottomland thinning operations are
more likely to create gaps than thinning operations in more uniform stands with
frequently occurring crop trees (e.g. simple conifer stand types, plantations, or upland
hardwoods) (Meadows and Skojac 2012). Thinning is an intermediate treatment that aims
to improve growth and development, modify species composition, and improve overall
bole quality of residual stems by regulating stand density (Meadows 1996; Smith et al.
1997). Although not the intent, thinning treatments in bottomland stands, due to their
high spatial variability, may facilitate establishment of advance regeneration that could be
released upon final harvest (Lockhart et al. 2004). Gaps created during thinning provide
increased light availability, which is favorable to developing oak advance regeneration
(Collins and Battaglia 2008; Lockhart et al. 2004), and thus thinning may provide a
critical opportunity for developing oak regeneration (Meadows and Stanturf 1997).
Thinning may negatively impact oak regeneration due to machine traffic;
however, Lockhart et al. (2000) reported advance cherrybark oak regeneration damage
during thinning operations would have a negligible effect on the development of the
advance regeneration prior to final harvest. At the same time, the increased light
conditions provided by thinning operations can also create opportunities for growth and
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development of competitors to the red oak regeneration. Lorimer et al. (1994) suggested
that slow height growth of oak in comparison to their surrounding competing species is a
major reason for regeneration failure on high quality sites. It is often suggested to have
some form of competition control for the competing vegetation present within increased
light level areas that are created during cuttings to help to promote oaks (Dey 2002;
Johnson et al. 1989; Loftis 1990). These tradeoffs associated with thinning effects have
not been well investigated.
An improved understanding of the impacts of thinning on regeneration of red oaks
is needed, particularly in terms of relationships among residual basal area, available
understory light and development of advance regeneration. The objectives of this study
were: 1) to evaluate the light levels across different thinning intensities and 2) to evaluate
the effects of thinning on the development of bottomland hardwood red oak and
associated species.
Methods
Study Area
This study was conducted within a 77 year old (Noxubee NWR staff, personal
communications) minor stream bottom hardwood stand on Sam D. Hamilton Noxubee
National Wildlife Refuge (Noxubee NWR) in east-central Mississippi (N33º15' W88º43')
at an altitude of 76 m. The region has an average temperature of 17.3 °C and receives
approximately 1412 mm of precipitation annually (NOAA 2013). The predominant soil
type in this area is the Urbo-Mantachie association, which is occasionally flooded (Soil
Survey Staff 2012). This area is near the Noxubee River and subject to periodic flooding
events, especially through the winter months. The stand is primarily composed of red
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oaks, sweetgum, and hickory, and this study area was previously established to
investigate effects of thinning on stand development and mast production (Meadows and
Skojac 2012). The thinning application was established in 2007 as a completely
randomized block design containing four thinning intensities (11-15.8 m2ha-1 residual
basal area) and an uncut control (24.8 m2ha-1 residual basal area). Each treatment
(including controls) was replicated three times, totaling fifteen treatment areas of ~60
meters by ~80 meters each (Meadows 2012) (Table 4.1). Thinning treatments were
applied using a Stand Quality Management approach (Meadows and Skojac 2010) that
favors retention based on quality and form.
Sampling
Overstory Sampling
Within each experimental unit, an overstory sampling plot with a 20 m radius was
established and centered on a randomly located point halfway between the bole and
dripline of an individual red oak stem. Within each overstory plot, measurements were
recorded for each tree with a diameter at breast height (DBH) 5 cm or greater, falling
within the 20 m radius, fixed area plot. Stems with DBH 5-24.9 cm were classified as
midstory, while stems ≥25 cm DBH were classified as overstory. The species and crown
class (dominant, codominant, intermediate, or suppressed) of each stem were recorded,
along with the distance and azimuth from the plot center to each overstory tree.
Plot Sampling
Each experimental unit was sampled using a series of subplots, centered on a
randomly located point halfway between the bole and dripline of an individual cherrybark
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oak stem. These randomly located points were previously established for an on-going
masting study being conducted within the thinning treatments (Hawkins 2011). Within
each treatment, five to six individual trees were randomly selected (Hawkins 2011).
When necessary, additional positions were established near various red oak stems present
(2 willow oak), and additional subplots installed with the same configuration.
Regeneration Sampling
At each of 53 individual red oak stems across the entire study area, four circular
8.1 m2 (1.62 m. radius) subplots were positioned in four directions, ~90° apart from the
center point of each subplot, at a distance of six meters (see Table 4.1). In each subplot,
individual seedlings were identified by species, and seedling heights were recorded to the
nearest centimeter.
Understory Light Sampling
Hemispherical photography was used to quantify global site factor (GSF). Global
site factor is the proportion of global radiation (direct plus diffuse radiation) at a specific
location (i.e. under the forest canopy) in relation to that in the open condition (Delta-T
Devices 1999; Anderson 1964). Hemispherical photographs were taken at the center of
each regeneration subplot at the study area in July-August 2012. Hemispherical
photographs were taken in the morning from sunrise until direct sunlight hitting the trees
or lens obscured the canopy leaf area in the photo. Photographs were taken using a Nikon
Coolpix 990 camera with 3.34 mega pixels and Nikon LC-ER1 fisheye lens attachment
(Nikon, Melville, NY). The camera system was placed in a self-leveling mount (Delta-T
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Devices, Cambridge, United Kingdom) attached to a camera tripod. The camera position
was 1.5 m above ground level, consistently oriented north, and the timer setting used.
Data Analysis
Hemispherical canopy images were analyzed with HemiView Analysis 2.1
software (Delta-T Devices, Cambridge, United Kingdom) to calculate global site factor
(GSF) and leaf area index (LAI). GSF is the proportion of global radiation (direct plus
diffuse radiation) at a specific location (i.e. under the forest canopy) in relation to that in
the open condition (Delta-T Devices 1999; Anderson 1964). LAI is defined as the total
one-side projected leaf area per ground unit area (Bréda 2003). Threshold values were
determined for individual photographs (Anderson 1964; Rich 1989). For advance
regeneration and light measurements, subplot measurements were averaged to produce
treatment means (n=3). Values were transformed when necessary to fit the analysis of
variance (ANOVA) assumptions. Analysis of Variance (ANOVA) by PROC GLM in
SAS 9.3 (SAS Institute Inc., Cary, NC) was used. Species composition of overstory,
midstory, and regeneration was evaluated by species richness (S), Shannon’s diversity
index (EH) and Simpson’s diversity index (1-D) (see CHAPTER II equations).
Results
Light
Mean GSF was compared by treatment and found to be significantly different
(P=0.0409) between the control (25 m2ha-1; mean=13.2%; SE=0.010) and the highest
intensity thinning treatment (11 m2ha-1; mean=29.0%; SE=0.094) (Figure 4.2), which
provided over twice the amount of light to the understory. No significant differences in
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light availability were evident between the other treatments. Mean GSF values for
residual basal areas 13 m2ha-1, 14 m2ha-1, and 16 m2ha-1 were 0.284, 0.185 and 0.222,
respectively.
Composition and Frequency
Throughout the site, species frequency of red oak advance regeneration occurred
mainly between 20-35% (Figure 4.3). Willow, water, and cherrybark oaks were the most
abundant red oaks, and Nuttall oaks were very rarely found on the site in any size class.
Most frequent non-oak species were American hornbeam and sweetgum (50-60%);
however, other frequent non-red oak species included hickory, ash, red maple, and elm
(Figure 4.3). Across the entire site, most red oaks fell within the 0-30 cm height class and
had few stems within the largest height classes (Figure 4.4). The advance regeneration
falling into the largest height classes of 60-100 cm and 100+ cm was dominated by
sweetgum, American hornbeam, hickory, ash, and elm (Figure 4.4).
Density
Red oak mean seedling density and aggregate height were not significantly
different by treatment, where p-values equal 0.8441 and 0.8721, respectively. Red oak
mean height was significant (p=0.0238) between the control (24.8 residual m2ha-1) and
the highest intensity thinning treatment (11.0 residual m2ha-1) (Figure 4.5). Little
variation in seedling density was apparent in the shorter (0-30, 30-60 cm) height classes.
However, there were higher numbers of seedlings in the taller height classes (100+ cm) in
the intense thinning treatments (especially 11.0 m2ha-1) than in the control (24.8 m2ha-1)
(Figure 4.7).
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Competition
The difference between the single tallest non-oak seedling and single tallest red
oak seedling was determined at 53 sample locations. The overall average difference in
height of these tallest seedlings across the entire site was 280.9 cm. Relative oak height
(tallest red oak seedling divided by tallest non-oak seedling) was not significantly
different by treatment (P=0.0731) (Figure 4.7). The most common tallest red oak species
were water oak and willow oak, while the most common tallest non-oak species included
sweetgum, ash, and American hornbeam. The mean height of the most common species
varied by species (Figure 4.8).
Diversity
The Simpson’s diversity index (1-D) for the treatments ranged from 0.77 to 0.85
(Table 4.2), indicating a high level of diversity. Simpson’s diversity index was not
significantly different among treatments (P=0.3704). Shannon’s equitability (EH) ranged
from 0.73 to 0.86, indicating a high level of evenness. Shannon’s equitability was not
significant among treatments for relative seedling abundance (P=0.2329). Findings for
aggregate height were not significantly different among treatments for both Simpson’s
diversity (P= 0.2198) and Shannon’s equitability (P=0.3480).
Discussion
Five years after thinning, available understory light increased with thinning
intensity in a minor bottom hardwood forest. Light regimes are critical to growth,
especially after the first year of growth when the seedling is no longer reliant on the
cotyledon (Crow 1988). Although it is possible for red oak seedlings to survive with very
71

low light availability, such as those in the control treatments, the optimal range of light
reported for red oak seedlings is with moderate levels between 20-53 percent (Phares
1971; Gottschalk 1994; Gardiner and Hodges 1998; Guo et al. 2001). Control light levels
recorded at 13.0 percent in this study were comparable to those found in areas receiving
only midstory control in closed canopy forests (14%; Cunningham et al. 2011),
uninjected greentree reservoir control areas (12.5-15.3%; Guttery et al.2011), and slightly
higher than the untreated areas of Peairs (8.8%; 2003). As for treated stands, the most
intensively thinned areas in this study resulted in 29.0% light availability, which overlaps
the range for light availability in bottomland stands combined with midstory injection
(22.5-44.7%; Guttery et al. 2011). In relation to values presented by Gardiner and Hodges
(1998), the amount of light provided by the intensively thinned stand in this study would
be on the low end of the range for providing optimal red oak seedling growth and
development.
Significantly greater amounts of tall red oak seedlings occurred in thinning
treatments than in the control, indicating an increase in seedling vigor. Although seedling
density and aggregate height were not significant among treatments, Cook et al. (1998)
noted that success is more limited by regeneration size rather than by density in the
southern Appalachians. Mean red oak seedling height was significantly greater in the
most intensive thinning area (11.0 m2ha-1). This suggests that intensive thinning
treatments later in rotation can aid in increasing the vigor of red oak advance regeneration
five years after thinning. Larsen et al. (1997) also reported overstory basal areas greater
than 20 m2ha-1 never met the standards necessary for adequate oak regeneration size and
density. Although the intent of thinning regimes is solely to increase the quality of the
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residual timber, the opening of the canopy can have significant impacts on increasing the
vigor of advance regeneration (Lockhart et al. 2004). These additional benefits gained by
thinning treatments should be considered when developing stand management plans, and
could potentially reduce the need for further management to obtain adequate oak
regeneration or reduce undesirable competition after final harvest (Meadows and Stanturf
1997).
Thinning treatments did not significantly alter species composition, diversity, or
evenness of the advance regeneration. Diversity levels remained high across the different
treatments, indicating that the thinning did not diminish the mixed-species potential of
the stand. This is consistent with the moderately high level of diversity often found in
bottomland hardwood stands (Allen 1997), which promotes a diversity of habitats and
niches for other organisms. These high diversity conditions are not easily reestablished in
hardwood afforestation or restoration settings (e.g. Allen 1997; Ouchley et al. 2000) and
are thus desirable characteristics to perpetuate in managed hardwood stands.
Relative oak height was not significantly different among treatments; however,
the non-oaks were more frequently taller than the red oak seedlings. Thinning treatments
later in rotation are important because they can aid in development of red oak advance
regeneration to increase their stature and place them in a more competitive position for
advancement upon release by final harvest. Therefore, thinning later in rotation may be
used to increase the vigor of red oak advance regeneration in minor stream bottom forests
of east-central Mississippi. Observation of future development through harvest is needed.
Additionally, species composition and competition are important factors controlling
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regeneration, and further evaluation of these dynamics could improve our knowledge of
oak regeneration.
Tables

Table 4.1

Basal area (m2ha-1) by treatment at various years in the USFS site.

Initial m2ha-1
Residual m2ha-1
Year 3 m2ha-1
Oct 2007
Apr-May 2008
Jan 2011
Treatment
Control
26
25
26
Acceptable/Superior
28
16
16
Acceptable/No Pole
25
14
15
Desirable/Superior
29
13
14
Desirable/No Pole
26
11
12
2 -1
Initial, residual, and Year 3 m ha (modified from Meadows and Skojac 2012).
Table 4.2

S
1-D
EH

Mean species richness (S), Simpson’s diversity index (1-D), and Shannon’s
equitability (EH) for relative abundance within each treatment.
Control
12.3333333
0.76668283
0.72505132

16 BA
12.3333333
0.85105065
0.85678436

14 BA
11.3333333
0.83631447
0.81513461

13 BA
13
0.77052032
0.7253672

11BA
12.6666667
0.77910126
0.76925679

Simpson’s diversity and Shannon’s equitability values are based on a range of zero to
one, where a greater value indicates greater diversity, and one indicates complete
evenness, respectively. Treatments were not significantly different for Simpson’s
diversity (P=0.3704) or Shannon’s equitability (P=0.2329).
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Figures

Figure 4.1

Sampling design

Red square indicates randomly located center point halfway between red oak bole and
canopy dripline. Yellow circles indicate four, 8.1 m2 regeneration plots, and blue crosses
represent the location of light readings at the center of each regeneration plot.

Figure 4.2

Mean global site factor (GSF) (%) by treatment (shown as residual basal
area m2ha-1) recorded five years after implementing thinning treatments

Letters signify differences at alpha=0.05. Bars represent ±standard error of the mean
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Figure 4.3

Frequency of advance regeneration by species across the entire site,
recorded five years after implementing thinning treatments

Red oaks are indicated by red striped bars, white oaks by blue dotted bars, and non-oak
species by solid grey bars.

Figure 4.4

Seedling density per acre of advance regeneration by species and by height
classes (0-30 cm, 30-60 cm, 60-100 cm, and 100+ cm) across the entire
site, recorded five years after implementing thinning treatments.
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Figure 4.5

Mean height (cm) of red oak advance regeneration by treatment (shown as
residual basal area m2ha-1), recorded five years after implementing thinning
treatments

Letters signify differences at alpha=0.05. Bars represent ±standard error of the mean.

Figure 4.6

Density of red oak advance regeneration per hectare by treatment (residual
basal area, m2ha-1) and height class, recorded five years after implementing
thinning treatments

Seedling density is shown on a logarithmic scale. Bars represent ±standard error of the
mean.
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Figure 4.7

Oak relative height (%) pairing the tallest red oak seedling and tallest nonoak seedling by treatment (residual basal area; m2ha-1).

Figure 4.8

Mean height (cm) all stems of red oaks, American hornbeam, ash, elm,
hickory, red maple, and sweetgum species by treatment

Treatments are represented by their residual basal area (m2ha-1).
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Figure 4.9

Aggregate height (cm/m2) of red oaks, American hornbeam, ash, elm,
hickory, red maple, and sweetgum species by treatment

Treatments are represented by their residual basal area (m2ha-1).
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